Objectives: The presence of the arginine catabolic mobile element (ACME) in Staphylococcus aureus has been reported to enhance the colonization of the human host. The aim of this study was to determine the genetic organization of composite islands harbouring ACME.
Introduction
The success of the USA300 community-associated (CA) MRSA clone could partly be attributed to the presence of the arginine catabolic mobile element (ACME).
1 In USA300, the ACME is located downstream of the staphylococcal cassette chromosome mec (SCCmec) type IVa, creating the ACME-SCCmec composite island.
2 ACME enhances colonization of the skin and mucous membranes by Staphylococcus aureus by neutralizing the acidic pH from fatty acids, and improves the survival and growth of S. aureus by depleting L-arginine, which is the only substrate for the production of nitric oxide by macrophages.
1 A variant of USA300 ACME, called truncated ACME type II, has been detected in a small number of other MRSA lineages such as ST1-IVa, ST5-II, ST5-IV, ST5-V, ST22-IVa, ST22-IVh, ST59-IVa, ST97-V and ST239-III. 3 -9 Recently, seven novel types of ACME-SCCmec composite island have been reported from MRSA strains with distinct genotypes. 3 -7,10 In all isolates, the ACME-SCCmec elements were flanked by short direct repeat (DR) sequences, which differed mainly by point mutations.
The objective of this study was to determine the genetic organization of composite islands containing ACME using wholegenome sequencing (WGS).
Materials and methods

Bacterial isolates
Two S. aureus isolates, which were ACME-positive based on DNA microarray (Alere Technologies) profiles, were obtained during two different surveys conducted in the Netherlands and Poland. Isolate RI46 was recovered 
Extraction of genomic DNA
Total DNA was extracted by enzymatic lysis using the buffers and solutions provided with the StaphyType DNA microarray kit (Alere Technologies GmbH, Jena, Germany) and the Qiagen DNeasy blood and tissue kit according to the manufacturers' instructions. To obtain an accurate quantification of the extracted genomic DNA for WGS, a fluorometric method specific for duplex DNA, a Qubit dsDNA BR assay kit and a Qubit fluorimeter (Life Technologies, The Netherlands) were used according to the manufacturer's instructions.
spa typing
The procedure was conducted as previously described. 11 The spa types were assigned using Ridom StaphType software version 1.4.6 (Ridom GmbH, Wü rzburg, Germany) and the Ridom SpaServer (http://www. spaserver.ridom.de). 12 
DNA microarray typing
DNA microarray analysis was performed using the Arraymate system (Alere Technologies) and the StaphyType kit (Alere Technologies) according to the manufacturer's instructions. The Alere StaphyType DNA microarray kit for S. aureus contains probes allowing the detection of 170 distinct genes, including the ACME-arcABCD genes and SCCmec and SCC genes.
WGS
Next-generation sequencing was carried out using the Illumina MiSeq system and Nextera XT kit for the preparation of DNA libraries. SeqMan NGen software (version 11.2.1; DNASTAR, Madison, WI, USA) was used for the de novo assembly of the reads. The resulting contigs were ordered by Mauve Contig Mover 13 relative to the reference genomes of strains LA-ST398 (S0385) (GenBank accession number NC_017333) and M1 (GenBank accession number HM030720) for isolates RI46 and PL69, respectively. End-to-end alignment of contigs to find any overlap between adjoining contigs was carried out using SeqMan Pro software (version 10.1.2, DNASTAR). Contigs containing ACME or SCCmec-related DNA sequences were identified by BLAST software (http://blast.ncbi.nlm.nih.gov/Blast. cgi). The remaining gaps between ACME-and SCCmec-related contigs were closed by PCR amplification and Sanger sequencing.
Bioinformatics
Automated genome annotation was achieved using the SeqMan NGen and BLASTn software followed by manual sequence annotation and Novel mosaic regions containing ACME editing using SeqBuilder software (version 11.2.1, DNASTAR). The DNA sequences were aligned using BLASTn software. The MLST STs were assigned through the publicly available MLST server (www.cbs.dtu.dk/ services/MLST) on the basis of WGS data. 14 
Nucleotide sequence accession numbers
The nucleotide sequences of the composite islands containing ACME for PL69 and RI46 have been deposited in GenBank under the accession numbers KM252872 and KM252873, respectively. Only the following selected genes are annotated: rRNA methyltransferase (orfX) containing the SCCmec insertion site, the arginine deiminase pathway (arcCBDA), the SCCmec cassette recombinases (ccrA, ccrB and ccrC), the determinant encoding resistance to methicillin (mecA) and its regulatory gene (mecR1), the transposases of IS256, IS431 and IS1272, and plasmin-sensitive surface (pls) protein. The vertical bars indicate DRs. Sequences of DRs: DR1, GAAGCATATCATAAGTGA; DR2, GAAGCGTATCATAAGTGA; DR3, GAAGCGTATCACAAATAA; DR4, GAGGCGTATCATAAGTAA; DR5, GAAGCGTACCACAAATAA; DR6, GAAGCATATCATAAATGA; DR7, GAGGCTTATCATAAATGA; DR8, GAAGCTTATCATAAGTAA; DR9, GAGGCTTATCATAAATAA; DR10, GAAGCGTATCATAAATAA; DR11, GAGGCGTATCATAAGTAG; and DR12, GAAGCATATCATAAATAA.
Results
ACME-SCCmec composite island in RI46
The ACME-positive isolate RI46 (Table 1) belonged to MLST ST398 and spa type t011, consistent with the most frequent lineage of livestock-associated MRSA in the Netherlands. To our knowledge, this is the first report of an ACME in MRSA ST398. Sequence analysis revealed a new organization of the ACME-SCCmec composite island in this isolate (Figure 1a) . The ACME-SCCmec composite island was 49796 bp in size. It was composed of the SCCpls region adjacent to orfX, followed by the truncated form of ACME type II and SCCmec type IVa. The SCCpls region corresponded to a truncated J1 region of SCCmec I, which has previously been found in the ACME-SCCmec composite island of MLST ST22 5 and in clonal complex (CC) 5. 6, 7, 10 SCCpls (truncated J1 SCCmec type I) had already been identified together with SCCmec type IVa in a composite island, 10 but has never been shown to be located upstream and separated by truncated ACME II as was determined for this isolate (Figure 1a) . The SCCpls region in this isolate was 13 059 bp long and, among all the sequences deposited in the GenBank database, showed the highest similarity to a corresponding region in a CA MRSA isolate (of MLST ST835/CC5) from Western Australia (Figure 1a) . The SCCpls regions in both isolates were highly conserved (98% identity) with the exception of the IS256 element, which was present only in the ST398 isolate (Figure 1a) . IS256 was inserted 1023 bp downstream of the orfX gene. BLAST searches in the GenBank database showed that the truncated ACME II sequence of 12545 bp in the ST398 isolate was identical to those in the MRSA isolates M1 (CC8:ST8-t024-IVa, GenBank accession number HM030720), 10 and R99 (CC5:ST5-t002-IVa, GenBank accession number KF234240). 10 SCCmec IVa (24120 bp) in the RI46 isolate showed the highest homology (99.5% identity) with MRSA isolate CA05(JCSC1968) (GenBank accession number AB063172) 15 ( Figure 1a) .
ACME-SCC composite island in PL69
The ACME-positive isolate PL69 (Table 1) belonged to ST8 and spa type t008. The microarray results showed that isolate PL69 was ACME-positive and SCCmec-negative, which is a rare finding in S. aureus. Moreover, the microarray hybridization profile showed a signal from the ccrC probe indicating the potential presence of an SCCmec remnant DNA in this MSSA isolate. The overall structure of the 26 539 bp region encompassing the ACME composite island from PL69 is illustrated in Figure 1(b and c) . Sequence analysis revealed that the ACME in isolate PL69 was 12 545 bp in length and identical to that of RI46. It was bounded by DR2 and DR4 (Figure 1b and c) . Between orfX and the ACME was a region of 13 940 bp flanked by DR10 and DR2 that carried a type 5 ccr gene complex, but lacked the mec complex, including the mecA gene (Figure 1b and c) . The region was made up of two distinct parts (Figure 1b) . Immediately downstream of the orfX locus was an SCC-like element composed of 11 882 bp carrying the ccrC gene. It showed the highest homology to the SCCmec type VII of MRSA isolate JCSC6082 (ST5, GenBank accession number AB373032) 16 (97.3% identity; Figure 1b) . The consecutive region consisted of 2058 bp and had 99.4% homology with a corresponding region of the SCCmec remnant type V(5C2&5)c of the MSSA P211 isolate (CC398-t011, GenBank accession number KF593810) 17 ( Figure 1b) . Interestingly, the whole nucleotide sequence located between DR10 and DR2 was found to be almost intact (99.9% identity) in the corresponding region of the MRSA isolate CMFT3119 (CC22:ST22-t025-IVh, GenBank accession number HF569105) 18 ( Figure 1c ). The ACME of the CMFT3119 isolate was longer (13 594 bp) than that of PL69. Moreover, the first 2366 bp of ACME in the CMFT3119 isolate did not share the same degree of homology with PL69, while the downstream end (11 228 bp) was highly similar to that of PL69 (99.6% identity).
Discussion
This is the first report of an ACME and the pls gene in MRSA ST398. The pls gene encoding the plasmin-sensitive protein has been implicated as a virulence factor in a murine septic arthritis model. 19 These elements may increase the transmissibility, the ability to colonize humans and the increased of virulence of ST398 isolates commonly associated with livestock in the Netherlands.
The identical nucleotide sequence of truncated ACME type II in isolates of distinct genotypes indicates its recent horizontal acquisition. We have demonstrated complete identity of the entire ACME-SCCmec composite island in two distinct MRSA lineages. 10 In this study we identified the ACME element in combination Novel mosaic regions containing ACME 1301 JAC with different mobile genetic elements that have previously been reported. 3 -7,10 This indicates that composite islands containing ACME have evolved by acquiring different genetic elements in several independent steps. Our study raises the question of whether the MSSA isolate PL69 was derived from an MRSA ancestor. We suggest that ACME is transferred independently of SCCmec elements and that Ccr recombinases from SCC-like elements may be involved in the transfer of ACME and other genetic elements that do not possess the mec complex. Our findings also show that despite the syntenic and largely conserved nature of the core genome in S. aureus, composite islands display an astonishing degree of mosaicism as a result of horizontal gene transfer during multiple and frequent recombination events.
